Background-In the era of increasing percutaneous treatment options for heart disease, the estimation of surgical risk has become a key factor in selecting optimal treatment strategies. Surgical risk has historically been estimated by physician's subjective assessment and more recently by statistical risk estimates.
I n the era of emerging percutaneous therapies for certain types of coronary and valvular heart diseases, which have traditionally been treated by cardiac surgery, the estimation of surgical risk has become a key factor in selecting optimal treatment strategies. 1 Historically, surgical risk has been determined by the physician's clinical intuition, a method often referred to as the eyeball test, which incorporates a patient's history, physical examination, and comorbidities. This clinical judgment is subjective by its very nature and has inherent variability among physicians. Thus, to develop a more objective approach to perioperative risk stratification, statistical methods have been used to generate and validate several surgical risk scores. [2] [3] [4] [5] [6] However, this methodology also has some limitations. Statistical risk scores can only take a limited number of quantifiable variables into account; some risk scores have been noted to overestimate surgical risk because of loss of calibration over time, and others have had a relatively modest power in discriminating survivors from the deceased. 1, 7, 8 
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Whether statistical risk estimate of mortality after cardiac surgery is more accurate than clinician's subjective estimate has not been examined in large populations. Thus, the aim of the present study was to compare the performance of subjective versus statistical methods of risk estimation in a prospective, large cohort of patients undergoing coronary artery bypass grafting (CABG) or valve surgery.
Methods
Human studies and research and development committees of the Minneapolis Veterans Affairs (VA) Medical Center approved this study. Individual consent requirement was waived.
Study Population
We considered 5402 consecutive patients who underwent cardiac surgery at Minneapolis VA Medical Center from October 1993 to October 2010. Of these, we excluded 207 patients who underwent operations other than CABG or valve surgery and 96 patients with incomplete data from this analysis. The final study was comprised of 5099 patients.
Data Collection
Data were collected as part of the ongoing VA Continuous Improvement in Cardiac Surgery Program (CICSP), [9] [10] [11] [12] a quality initiative for patients undergoing cardiac surgery in >40 VA medical centers since 1987. 13, 14 A description of CICSP methods and variables has been published. 7 Briefly, preoperative risk variables were selected based on literature review. Demographic, clinical, and laboratory data were collected prospectively before the operation. Procedural details, complications, and outcomes were collected after the procedure. All data collection was performed by a trained nurse who was not part of the clinical team.
Risk Estimate
The VA statistical risk estimate was calculated and validated using the national VA CICSP program database. 11 Statistical risk estimate represents a patient's operative mortality risk on a numeric scale from 0% to 100%; higher values convey increased likelihood of mortality. Briefly, variables associated with operative mortality with a P value <0.2 in univariate analysis were included in the multivariable logistic regression model. Then, the most parsimonious model was selected by using stepwise, descending selection. A score was assigned to each variable based on its regression coefficient in the final model. Every 6 months, the statistical risk estimate was recalibrated by re-creating the logistic model and reweighing the variables using the most recent national data. 15 Physician's risk estimate represents the subjective assessment of perioperative (30-day) mortality risk. Cardiac surgeons were instructed to give a numeric estimate, from 0% to 100%, for operative mortality based on their assessment of a patient's clinical picture. Physicians were instructed not to use any online computer program or model in their subjective assessment. Higher numeric values conveyed physician's estimate of increased likelihood of mortality. Statistical and physician's risk estimates were entered into the database before surgery. Physician identity was not recorded.
Outcomes
The primary outcome variable was operative (30-day) mortality, defined as death from any cause <30 days after surgery, or death occurring after 30 days but directly related to a complication of surgery. Long-term mortality was examined at 1-and 5-year follow-up. Follow-up was complete in 100% of patients.
Data Analysis
Continuous variables are presented as mean±SD or as median (interquartile range [IQR]). Whereas the statistical risk estimate was calculated and validated nationally, the following analyses were performed locally in the Minneapolis VA subset of the database. Risk estimates were compared using paired t-test. Agreement between the 2 techniques was evaluated using the method of Bland and Altman; 95% limits of agreement were defined as the mean difference of the 2 methods±1.96 times the SD of the differences. 16 Excess mortality was defined as the difference between the observed and expected mortality rates. Logistic regression was used to identify the independent predictors of 1-and 5-year mortality and to calculate the odds of mortality with the risk estimates. The Hosmer-Lemeshow goodness-offit test was performed to assess the calibration of each risk estimate. 17 Receiver operating characteristic curves were created for each risk estimate to determine its ability to separate patients who died from those who survived. The area under the receiver operating characteristic curves was presented as c-index and compared by the method of DeLong. 18 All comparisons were 2-sided. A P value <0.05 was taken as statistically significant. Analysis was performed with SPSS version 19 (IBM Corp, Armonk, NY).
Results

Patient and Procedure Characteristics
Clinical characteristics of the 5099 patients are summarized in Table 1 . The mean age of patients was 66±10 years, and 99% were men. Overall, 3849 (76%) patients had CABG surgery only, 691 (14%) had valve surgery only, and 559 (11%) had combined CABG and valve surgery. A total of 131 (3%) procedures were performed off-pump, and 723 (14%) procedures were under emergency.
Operative and Long-Term Mortality
The operative mortality rate observed for the total study cohort was 3.3% (n=168 deaths). The 1-and 5-year mortality rates were 7.1% (360 deaths) and 18.5% (942 deaths), respectively. Clinical variables that were independently associated with long-term mortality are listed in Table 2 .
Risk Estimates
The mean physician's risk estimate was 5.6±4.4%, and median was 4% (IQR, 3-7). The mean statistical risk estimate was 4.3±5.1%, and median was 2.7% (IQR, 1.5-5.0). Correlation
WHAT IS KnOWn
• Estimation of operative mortality before cardiac surgery can be determined by statistical methods or physician's estimates (eyeball test). • These estimates have not been compared with each other in the modern era where surgical risk is a key factor in determining the choice of surgical versus percutaneous procedures.
WHAT THE STUDy ADDS
• In this study that compared risk estimates, statistical risk estimates were a better predictor of operative mortality, as well as long-term mortality, compared with physician's estimates. • Both methods overestimated risk as compared with patients' observed operative mortality. between the 2 risk estimates was modest (r=0.56; P<0.001; Figure 1A ). Bland-Altman analysis showed good agreement between the 2 methods, with a mean difference of -1.3±4.5%, and upper and lower limits of agreement were 7.4% and −10.1%, respectively ( Figure 2B ). Only 5.2% (263 of 5099 patients) were outside the limits of agreement. For continuous variables, odds ratio represents the increase in the odds of mortality for each 1 unit increment in the predictor variable. CI indicates confidence interval; COPD, chronic obstructive pulmonary disease; CVD, cerebrovascular disease; IABP, intra-aortic balloon pump; and PVD, peripheral vascular disease. Physician's risk estimate tended to occur in multiples of 5 ( Figure 1 ). When physician's and statistical risk estimates were reclassified into categories of low (<5%), moderate (5%-10%), and high (>10%) operative risk, the agreement between risk categories was 58% (Table 3) .
However, both statistical and physician's risk estimates modestly overestimated mortality (Hosmer-Lemeshow goodness-of-fit statistic; P<0.0001 for both). The odds of death increased by 13% (odds ratio [OR], 1.13; 95% confidence interval [CI], 1.10-1.15; P<0.0001) for each percent increase in physician's risk estimate and by 11% (OR, 1.11; 95% CI, 1.10-1.13; P<0.0001) for each percent increase in statistical risk estimate.
Statistical risk estimate was significantly better than physician's risk estimate in separating patients who died from those who survived at 30 days (c-index, 0.78 versus 0.73; P=0.003; Figure 2 ), at 1 year (c-index, 0.72 versus 0.61; P<0.001), and at 5 years (c-index, 0.72 versus 0.64; P<0.001) after surgery. Physician's risk estimate was higher than statistical risk estimate for elderly patients and across all types of surgeries, except in high-risk patients (Figure 3 ).
Discussion
In this study with >5000 patients, we found that the short-and long-term mortality risk after cardiac surgery was more accurately estimated by statistical methods in comparison with the subjective assessment provided by physicians. However, both methods modestly overestimated mortality. Physician's risk estimate of mortality was higher than statistical risk estimate across all subgroups, except in the highest-risk patients, where it underestimated mortality risk. These findings have potential implications in the selection of patients for percutaneous procedures, such as transaortic valve replacement.
Several risk scores have been developed to predict operative mortality in patients undergoing cardiac surgery. [19] [20] [21] [22] Historically, these risk scores have been used not as clinical tools but largely for quality assurance purposes. However, with the development of percutaneous cardiac interventions, surgical risk scores are now being used for clinical decision making in individual patients. 23 Previously, Pons et al 24 compared physician's estimate versus statistical risk estimate in 1216 cardiac surgery patients. They reported that statistical risk estimate was a better discriminator of operative mortality compared with physician's estimate. In this study, physicians accurately estimated risk in patients with high and low surgical risk but overestimated risk in patients with intermediate surgical risk. However, this study used a qualitative assessment of risk (versus a validated risk score), only reported short-term mortality, and had a very high operative mortality, possibly reflecting a selection bias. In a smaller study with 181 high-risk, CABG-only patients, Cornwell et al 25 reported that physician's estimate of mortality was higher than statistical risk estimate and was a better representative of 6-month mortality versus operative mortality. In contrast, physician's clinical intuition was found to be a more accurate predictor of outcome in intensive care units compared with the Acute Physiology and Chronic Health Evaluation 2 score. 26 Our study takes these findings one step further by (1) including a larger group of consecutive patients of all risk groups undergoing CABG or valve surgery, (2) using a validated statistical risk estimate, and (3) examining operative, 1-year, and 5-year mortality.
Risk scores have been used to predict adverse outcomes and aid medical decision making in clinical settings. For example, CHADS 2 score, 27 TIMI score, 28 and Framingham risk score 29 have been commonly used by cardiologists in making clinical decisions. Many other risk scores have been published and validated but have found less clinical use. Risk scores provide an objective measure of risk stratification as a supplement to physician's clinical intuition, thereby improving the quality of medical decision making and ultimately patient outcomes.
In the multicenter Perceived Risk of Ischemic and Bleeding Events in Acute Coronary Syndrome Patients (PREDICT) study, Chew et al 30 compared physician's risk assessment with the Global Registry of Acute Coronary Events (GRACE) score for death, myocardial infarction, and bleeding events in 1500 patients. The GRACE score was superior to physician's estimation in predicting adverse events and death. Similar to our study, physicians overestimated risk in low-risk patients and underestimated risk in high-risk patients. Most importantly, risk stratification was improved when GRACE score was added to physician's intuition. Yan et al 31 reported that physicians did not recognize and incorporate most powerful adverse prognosticators in their assessment, which influenced their treatment decisions. Collectively, these results suggest that routine use of validated risk scores in medical care could enhance risk stratification and facilitate more appropriate use of therapies. In this study, statistical risk estimate modestly overestimated mortality across all populations, including the elderly patients. This may have clinical implications for patients being considered for cardiac surgery, particularly those with high predicted mortality risk who might be counseled against surgery. Furthermore, statistical risk estimates have been shown to be particularly inadequate in predicting risk in the very elderly population. 32 In a recent study with 152 patients undergoing CABG or valve surgery, the combination of frailty and disability scales and cardiac surgery risk scores predicted mortality and morbidity with better discrimination compared with statistical cardiac surgery risk scores alone. 33 It may be that these additional risk assessment measures, including frailty scale, could help modulate risk assessment for older patients.
The performance of risk scores has been defined by 2 fundamental characteristics: calibration and discrimination. 34 Calibration assesses the closeness of the observed and predicted mortality rates in an individual patient. This is statistically evaluated by goodness-of-fit test. If predicted and actual estimates of mortality are close, the score is considered well calibrated. Discrimination represents the ability of the score to separate patients who died from those who survived, regardless of whether the predicted and actual estimates are close. Statistically, discrimination is assessed by the area under the receiver operating characteristic curve, also known as the c-index or area under the curve, and ranges between 0 and 1. By convention, a test is considered useful if c-index is >0.7 and approaches excellence with a c-index >0.9. In our study, both statistical and physician's risk estimates tended to overestimate mortality risk. Imperfect discrimination and calibration of risk estimates might be a reflection of improvements in surgical and perioperative care. Given our reliance on risk scores for assessing surgical candidacy in the era of percutaneous options for valvular disease, this and previous studies suggest that neither statistical nor physician's risk estimate is accurate but rather provides a general basis for a meaningful discussion with the patient. 35 
Strengths and Limitations
The strengths of this study include its large sample size, completeness of data, use of a validated statistical risk estimate, and examination of short-and long-term mortality as outcomes. There are also several limitations. First, the study was limited to a single center. Although the Minneapolis VA Medical Center does not have statistically significantly improved outcomes compared with other VA hospitals in cardiac surgery, variations in demographics, surgical skill, and operative techniques might limit the applicability of results to other centers. Second, only patients who underwent surgery were included in the study. Patients who were deemed too high risk to undergo surgery could not be included in this analysis. Finally, almost all of the participants in this study were men.
Conclusions
In patients undergoing cardiac surgery, short-and long-term mortality could be better predicted by statistical risk estimate compared with physician's subjective risk estimate. However, both methods modestly overestimate observed mortality.
